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APPENDIX A

DATA BASELINE DEFINITION, 15 JULY 1977

DATA ITEM

SOURCE

DATE

w

Mass Properties

Jet Control System

Wheel Control System

Earth Sensor

Yaw Sun Sensor

a. Thermal Variation--

+ 0.6 percent

Thruster locations

Thruster Characteristics

a. 0.11

b. 5.01b

Computer Listing PR #19

Rockwell Block Diagram MC476-
0146, Rev. F, Seq. 4

Rockwell Block Diagram MC476-
0146, Rev. F, Seq. 4

Performance Analysis of Static
Earth Sensor, Barnes Engineering

Company

Yaw Sun Sensor QOutput Character-
istics, Rev. B and Rev. C,

MCR GO0569

(See Solar Array Drive)

Scaled from Rockwell Drawing

V505-900003, Rev. C

GPS 0.1 Ibl" REA, Qualification
Test Report CDRL, Item A005,
Contract 1°04701-74-C-0527

GPS 5.0 1bF REA, Qualification
Test Report CDRL, Ttem A005,
Contract F040701-74-C-0527

27 January 1977

Received
29 March 1977

Received
29 March 1977

5 August 1975

11 February 1977

27 January 1975

31 March 1976

31 March 1976




DATA ITEM

SOURCE

DATE

¢. RCS Tank Blowdown
Profile, 5.0 1b and 0.1

b Thruster Performance

Wheel Dynamics

Solar Array Drive

a. Pulse Width Normal

50 _15 milliseconds

b. Pulse Width Extended
85 + 8.5 milliseconds
c¢. Slew Command

64 pulses

d. Expected Slew Normal

11.85° + 6°

e. Expected Slew Extended

38.4° +18°

b Max Pulse Rate
1to1.85

g. Deadband, 1 to 1.7°

h. Driving Torque

145 oz-in min

s Coulomb Friction

65 oz=in max

j. Solar Array Drive

Torques

k. Minimum Pulse Rate

GPS Propellant Budget

Motor Torque Speed, Curve
Plot No. 5, Design Review Data,
Item R-005 Bendix to Rockwell

Solar Array Drive and Power
Transfer System, Rockwell
Document No. MC476-0143,
Rev. B and C, Seq. 05 and 05

and

Global Positioning System
Operations Handbook, Volume 1
Section 2,3: EPS Description,
CDRL Item A00G, Contract No.
F04701-74-C-0527

Ball Brothers Memo

Phil Talley Memo

Received from
SAMSO,
June 1977

14 January 1975

6 June 1976

5 February 1976

22 October 1975




DATA ITEM

SOURCE

DATE

10.

11.

13.

Nutation Damper

a.'

Radius of Curvature

158.25" + 10" to 18"
Length of tube 15,75"
Mass of Ball .018 slugs

Dissipation Coefficient
= o,
°h 0.017 + 307

Pitch Sun Sensor

Ball Brothers Memo

Alignment Specs

de

b.

C.

d.

CES

SSS

YSS

Reaction Wheel

Thrusters

Precession Procedure

I'iring Pulse Width
93.6 msec

Expected Precession
Angle/Pulse, 0,12°
Thrusters Uscd

17 and 18

Firing Delay, 0 to

5.24 sec (increments of
10.25 msec)

Minimum Number of

Pulses, 4

Blue Print Damper Assembly
Nutation GPS Rockwell Drawing
No. V505-520016

Rockwell Viewgraph

Honeywell Memo

Ball Brothers Test Data

Global Positioning System Orbital
Operations Handbook, Volume 1,
Section 2, 4: Control System,
Description CDRI., Item A00G,
Contract ¥04701-74-C~0527,
P2.4.138

See Item 12

15 January 1976

CDR

29 September 1975

Received

15 July 1977




DATA ITEM

SOURCE

DATE

13.

14,

15.

16.

f. Procedure: 9 segments
of 4 minutes duration;
reference sss pipper

pulse each revolution

Despin

a. Thrusters Used--

11 and 13

b. Sequence

95 to 85 rpm

Calibrate
85 to 75 rpm

Recalibrate

75 to 20 rpm
20 to 10 rpm
10 to 6 rpm

6 to 1 rpm

c. Firing Time in

Increments of 5,27 sec

Earth Acquisition Procedure

at 1 rpm
a. Enable roll axis control
b. Wait 5.0 minutes

c. Enable pitch axis control

-y Panel Deployment
Procedure with roll and pitch
jet control, deploy -y panel,
slew 90 deg

Modified from Item 12

See Item 12

See Item 12

SAMSO Review
15 July 1977




DATA ITEM

SOURCE

DATE

17.

18.

19.

Sun Acquisition

At 0.75 rpm and -y panel
deployed and sun line parallel
to panel normal, enable yaw

jet control.

+y Panel Deployment with
three-axis jet control,
deploy +y panel, slew

90 deg

Momentum Dump

Procedure

a. Automatic dump of pitch
and roll axis when
momentum is greater

than 0. 25 ft-lb-sec

b. Pitch axis firing times

0.1, 0.3, 0.5, or 0.7

sec (0.3 nominal)

c. Roll axis firing times
0.8, 2.4, 4.0, or 5.6

sec (2.4 nominal)

See Item 12

See Item 12

See Item 12
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APPENDIX B

ONE-BODY MODEL EQUATIONS

This appendix presents the derivation of equations of motion used in the

one body simulation. For Definition of Symbols, see Figure B-1.

Vector torque equations are given by

e o gtE
[ rxdF = rx ) dm
dt
d - ,dr
=L £L -1
e R (dt) dm (B~1)
= _di
T %

where H is defined as

g
H-frx(dt)dm

[J0 + moM(ro,ro) + i I, + i miM(ri,ri)] w, + i J vy

3 I R Iimi (B-2)

oy L
it

where, in body 0 coordinates,

Miap) S S st =ab

1 -1 -1
A x Xy Xz
J = -1 I -1
Xy y Xy
-1 -1 I
Xz Xy z

S (Toi is transformation from wheel i to body o)




—t

Body CM's

Total CM

Masses

Inertia Tensors

Figure B-1.

Notation

Body 1
(Symmetric Morentum heels)

CM_ CHi
cH
L

s 3} (Jo, J; are inertia
tensors in reference body
coordinates of inertias about

CMO and CMi respectively)




1
oy = TPy

Ix =7 (y2 + zz)dm =I + 1, etc.

yy = zz

Ixy = [ xy dm, etc.

The rotational equations of motion are then given by

=L
]

Wheel Torques may be described by

f M, SeEel
: f %.xdF = ; x.x — x.dm
1 i 1= 2
‘ gy i
U B dm
Ty = &

Wheel momentum is given by

=fxix [(g—-§.+-w x;ci] dm

10

(B-3)
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I xix[wi X x; + @ X xi] dm

=Jyu, + Jw (B~4)
Differentiating
= B . (3_5)
Ti Jini + Jimo + wo 3 Jiwi + w, X Jiwo

Torques about the wheel axis are given by

Ti = Jiwi + Jimo (B-6)

o Ji&i | (B-7)

where Ti is the sum of motor, bearing and windage torques on wheel 1i.

Equations B-7 and B~3 are combined to compute the body rate derivatives.

b = IOU‘O + ; Ti + (.no X H (B_s)
Kinematics

The inertial coordinate system and the Euler sequence are consistent with the
Rockwell convention presented in the AVCS splinter meeting notes at the
preliminary design review. Specifically, Rockwell specified a yaw pitch

roll Euler sequence with the equations:

De
L}

w cos v+ qcos ¢ - r sin $
7 = (wsin | sin 6 + q sin ¢ + r cos ¢) (1/cos 8)

Pt @ sin 6 + w sin ¥ cos 6

S
i

11




where

w orbit rate

Ps4,r = body rates
¢50,v

¢,0,

Euler angles

Euler rates

These equations are consistent with:

1 A local vertical system with z axis pointing toward the earth and x

axis in the orbit plane and positive on the direction of motion.

2% Euler angles specifying body orientation relative to the local vertical

frame.

The inertial coordinate system is the Geocentric Equatorial Frame (e.g., z
axis positive North and x axis positive in the direction of the Vernal
Equinox) . The local vertical system is consistent with Rockwell's (e.g.,

Zz axis positive toward the earth and x axis in the orbit plane).

Two sets of Euler angles, both having a yaw pitch roll sequence, are used.

The first set PSI, THETAl, PHI1 define the inertial to body transformation E.

The second set, PSILV, THETA, PHI specify the orientation of the body
relative to the local vertical frame and should be consistent with Rockwell's
Euler angles. The inertial Euler angles are integrated in the simulation

via quaternions.

Linear Motion

The simulation uses two subroutines( POSITN and RADVEC) to compute the
ephemerides for the satellite and the sun. The ephemerides for the satellite

and the sun are calculated using the six Kepler elements: semi major axis (a),

12




eccentricity (e), inclination (i), right ascension of the ascending node (),
argument of perigee (w), and mean anomaly (M). The update is a simple rate

term on the latter three. Table B~1 presents the six elements, their units

and values for the vernal equinox condition. The rate terms are derived

in the program from the fixed parameters and are given by
\‘ . 3 o
M =\’ p/a3 - EL—J;LQE——E l—e2 @15 sin2 i-1)
[a(1-e%) ]

& = l(_k_/_éi— cos i
[a(1-e2) T2

k V -v/a3

e R (S sin2 i~2)

[a(1-e2) 12

where
62630.3949

it

u=Gm

-19255.96124

k = RE2 J2 (first term of perturbing force

due to Earth's oblateness)

The rate terms for the sun are fixed and are included in Table B-1. The

simulation updates M, (, w by

M(t) = M(e ) + M " (-t ) ~7 <M<
ale) = a(t)) + o ° (e=t ) ~n<Q<m
w(t) = m(to) + (t‘to) b T

A seventh term, the Greenwich Hour Angle (GHA), which relates the earth-
fixed coordinate system to the inertial system, given the six elements is

updated via:

GHA(t)

GHA(to) + wg (t—to)

earth rotation rate

13
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TABLE B-1. GPS AND SOLAR EPHEMERIDES
STANDARD VALUE
SYMBOL NAME UNITS GPS SUN
a Semi Major Axis Miles 14342, 1%
e Eccentricity == 0. .0167
i Inclination Degrees 63. 23.443
M Mean Anomaly Degrees 0. 88.068
Q Right ascension Degrees 0. 0.
of ascending
node
w Argument of Degrees 0. 270.
perigee
M Degrees/sec - 1.1.4074}(10-5
o Degrees/sec - .544773x107°
@ Degrees /sec - 0.0
GHA Greenwich Hour Degrees 0.0
Angle
*

Astronomical unit
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APPENDIX C

THREE-BODY DYNAMIC MODEL

This appendix contains the equations of motion for the GPS three-body model.

ROTATIONAL DYNAMICS

.: Let 50 = g angular velocity of reference body in reference body coordinates
r
3 Notation: x = vector or tensor

x = components of X in reference body coordinates

x = components of X in body i coordinates

" g—f = derivative of X with respect to inertial frame

%tg = derivative of x with respect to reference body frame

X = componentwise differentation of x. Note that (5%/5t)° = x.

(See Figure C-1.)

MOMENT OF NEWTON'S LAW ABOUT CM

- = _on-_dr _dp-_|dF
j‘rxdF‘~frx——2-dm-dt rx(-d—t—)d
dt
= dH
T =%

EVALUATION OF H

(C-1)




@, + m‘
/—’/ o
= N
—— — —— —— ——-—,r/
7/ -~ // NG dm \
/ / \
i [ \
[ \ \
| \
' \
: | M /
| /7
[ l P
| l - -
| | Lo
| o =
|
| ; 2 SOLAR PANELS
|
l |
| 4 SYMMETRIC
| MOMENTUM WHEELS
|
i
|
|
|
|
\ SATELLITE
N
AN

2 NUTATION DAMPERS

SOLAR PANEL PIVOT POINTS Pj
BODY CM’s: CM,, CMi, CMy; CM-TOTAL CM
MASSES: m;, m, My, m; m = TOTAL MASS

INERTIA TENSORS (ABOUT CMs) Jg, Ji. Jj: i Jn

Iigure C-1. Nota tion

17




5T
+};j’(ro+f‘.+%+§j)x —’)Tg +E'uox(r0+§°j*oj+§j)+<-njx(5j+§j) dm

(5
R 8(F +5, +X )
+3 + 5 +X L TR R r 47 +p +%
] (ro r +o, xn)x T wox(ro rn+pn+xn) dm
nn
Noting that
r + (r +T)+ (P +r.+p.)+ r +4r +p)=0 -3
M5 0 fml(ro lpi) J‘_Zm (ro ¥ p]) Emn(ro "n pn) (C-3)

Equation (C-2) becomes

b3 (C-4)

n

A=Tw +2lw +3Lo +
oo il jJJ

5 ™

where

1 =J +32J. +2J.+2J -mM(r ,r ) +tmM(r,r.)
o o i i o o oo EE i

+ +p.,r. +p.)+ + 0, +
);ij(rj 2 rJ 03) ZmnM(rn o0 Th pn)

. J n
1 =J
3 1
I.=J.+mM(r +r.+p.0.)
y =y TR, T ey

i - mn(ro e pn) x (&on/r,t) + ‘L (ro #F_ g F xn) x (5xn/5t) dm

v | and

1

M, b) 3BT af - ba
COMPUTATION OF Ti

The vectors ;i’ I-‘j, ;n’ Bj are given. The vector f'o can be computed from Equation

(C-3).

Wheel Momenta

Tl oi i i

Panel Momenta

L J
Lo =T, H o +mMr +r, +p,p) o,
joy = Tog T o + myMir, &1+ ppp)) 0

——

18




where 0
W, = e 0 3 w‘].
) o)) PJ o] )
0
Nutation Dampers
Assume: Jn = 0 (point mass)

aan
= T + r = —_—
- Hn mn(ro “n % pn) 2 5t

ROTATIONAL DIFFERENTIAL EQUATION IN SATELLITE COORDINATES

jas]|

6

+o xH
5t Yo ¥

o

T:

l

alo
st
=

T=Im +1o +:lLe +TLd, +=lo +TH
[olNe) [elNe) ill i ] nn

EVALUATION OF THE DERIVATIVES

Inertia Tensors

o > 5 p . AL
I =vJ. -m[M(r ,r )+M (¢ ,r )] +cm[M(r. +qp, )+M (r.+p., ¢
& 2% [M(r_,r ) &, o) j J[ (J B 5 (J 2 %)]

Z 4 ¢
+ + + + 0.,
imn[M(rrl Py’ pn) M (r-n o pn)]

I =J +mM{r +r,+p.,p) +mME_+6.,0.)
ik B e D U i g B L

where
5. = w, X p.
s [ Sk
4 1 . s
r =s==lTm.p. +zm g
o ml|. 7 n"n
i n
WHEEL TORQUES
- = d2
,ri'{.xdF=fx.x——— X,
A ! v i 2 i
i i dt

= Ti = Jiwo + Jiwi to x [Ji(wo + u)i)]




The magnitude of the wheel torques about the axis is given by

where h_is a unit vector along the spin axis., For example,
i

h: =P .
i oi

1
0
0
PANEL TORQUES

G

el e e e AT (R
(p. +x.) x dF = .+x.)x(~—(.+X.+r.)dm
Fle e, o, o R

(lt2
2
difre
T mp x —2L -d—Ii
2 dt
dt
where
H . =[J. +m. M 0.0 0] (@, + @
i~ i, (o oM @y + )
d rE’l . T
T, =mip x —5= + {J. +m_ [M(p, 5.) + M (g, 6.)]] (w, + o )
§ AT L T gl Gy £
+{J. + m. M(p., p.)] (0. + @& ) + x H,
[ j j (QJ DJ ] (wJ (no mo i
Too=ho 0
Ja J J
where
hj = unit vector along panel hinge
0
=TO. 1
To
and
dzrpj 521'0 6r0 .
— Dj x acm + pj X —— + wy X e + [M(pj,ro) +M(pj,ro)] o
dt 5t
+ + » + +
M(pj.ro rj) 0 wox M(pj, r rj) 0
g
s BosuiDm. oprem o]
612 m f JiJb 4, nn

20




o= ® X p.tw, XD
S e N el

Nutation Damper Forces

2
o= —_— + +
Zl mn 2 (rcm r‘o rn X pn)
dt
2 2
6T, 5pP,
R e T Pn)
5t 5t

+w x(f +9
wO (ro pn)

8r

o n
+ X == === xiln +r
Yo ot ot ® (o n pn)

where
= 2 h
 %'n

and

h = unit vector alon s
n g Ph

21




APPENDIX D

NUTATION DAMPER MODEL




APPENDIX D

NUTATION DAMPER MODEL

This appendix summarizes the nutation damper model implemented for the

digital simulation evaluation of GPS stability and control analysis.

The nutation damper is used for passive GPS spin axis stabilization during
the initial mission phases by dissipating the spacecraft precession energy.
The nutation damper adopted for GPS application is of the type of ball in
gas filled tube. The tube is made of aluminum and the ball of tungsten
carbide. The gas is a 9 : 1 ratio mixture of nitrogen and helium at 1 atm.

pressure. Physical parameters of this damper is shown in Figure D-1.

A similar damper of this type was used in the Telstar satellite, Reference
D-1. Discussions on the design and analysis of ball-in-tube type nutation

dampers can be found in Reference D-2.

Derivation of the torque equations presented here follows the same procedure
of Reference D-2 which contains numerous typographical errors. The results,
in the torque form, are compatible for integration into the three body model

described in Appendix C.

DAMPER MODEL DERIVATION

To facilitate the model derivation, we shall define a vehicle fixed B-frame

whose origin is at the vehicle's center of mass (excluding damper ball) with
the (53 - XB — EB) axes aligned with its principal axes. Also in the fol-

lowing consideration of vehicle rotational motions, it is assumed that the

translational motion of vehicle's center of mass resulted from reactional

24
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forces of the damper ball can be neglected. By reference to the geometrical
description of damper location in B~frame, the position of center of ball,

Eb can be written as, Figure D-2,

0
= -a+ Yy cos «a (D-1)
b+ Yy sin a

where
v = 159 din. = 13.25 ft.
(a,b) = coordinates of tube center of curvature

Equation (1) implies that Yo - 24 plane contains the damper tube.

Let the vehicle moment of inertia be such that

il = IY = A
XX Y
(D-2)
IZZ =C
The rotational energy of the vehicle becomes,
- L 2 2 i 2 v
Ty = % A(W,™ + W) + J5CW, (p-3)

The velocity of damper ball can be written through dif ferentiation of (1) as,

. ol a1
M) = T y) = Ty & )

with (E_Ib) TBIT (Esb) , we have
2. . Bosh T B
By =Tgy By *Ty Ey)

= -1y s W1 @) + 1y




NOTE:

o F
7]

Ip = SPIN AXIS

cMv = VEHICLE CENTER
OF MASS

DAMPER CONTAINED IN
PLANE (YB - ZB)

Figure D-2.

CM

Nutation Damper in Vehicle
Body Fixed Frame




or
(Y = -5 06 By+ &P =
(B =5 1@l @)+ @ (0-4)
In component forms, (4) becomes,
VX 0 —Wz WY 0
= - > + .
VY wz 0 Wx X a+y cos a
= ¥ .
VZ WY WX 0 b+ vy sin o
0
+ | - sin g a (D-5)
Yy €OS a o
Hence the translational kinetic energy of the damper ball is
2 2 2
= L
Tb =% M (VX e VY + VZ )
) s 2
=% M([-(-a+y cos q) W, + (b +y sin a) WY]
+ [-(b +y sin o) W -y sin o 41°
+ [{-a+ y cos q) We ¥y cos a & }2 (D-6)
where M = mass of the ball

4 3
3 B
= density of tungsten carbide (WC) = 15.7 gm/cm3

o = 263 gm = 0.018 slug

Assuming the ball is rolling without slipping in the tube, the magnitude of
the angular velocity of the ball is related to the translational velocity
of the center of the ball as

_ 1 AR (T 2B N
wb-Yb [(_Iib) (Eb)]

2 2 R
= L [Yz Sin2 a A + Y cos o (‘12]’5
b
= X where y, = radius of the ball = 0.625 in. (D-7)
Yb

28




g —

Hence, the rotational energy of the ball is

= I 2_1 _g_ 2 ;y_&_Z
T 4Ibwb =4 (S-M yb) (Yb)

-iny? 42 (D-8)

The drag on the ball is viscous, Reference D-3, since the tube is gas filled,
the clearance between ball and tube is small and the ball moves much slower
than the speed of sound. Hence, the viscous drag on the ball can be
represented by Rayleigh's dissipation function as

=1

- &HT &

', b) b

l/ch \',2 &2 (D-9)

where CD is a constant to be described later.

The total energy of the system then becomes

T

+ T, +
TV Tb ’I‘Y

2

=WX {1/2A+144(Y2+b2

+ a2 + 2b y sin « -2a y cos a)}

+WY2 {BA + M (b2 + 2b y sin o + y2 sin2 a)}

+w22'{%c + LM (a2 - 2ay cos g + YZ cos2 a)}
+waZ {-M (-ab - ay sin a + b y cos o + Y2 sin o cos a)}

i G M G- ay cos a + by sin o))

+32 {—Z—a M‘YZ} (D-10)

With the total vehicle energy given in ("~10) and the damper dissipation func-
tion given in (D-9), the equation of motion of the vehicle and the damper

system can be obtained as
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& o, Mt
4 %%; : wx~§%; + W, %%; =0
%F %g ot %g ' %% =0 (p-11)

The rotational equation of motion of the vehicle can be written in the form

of Euler's rigid body equation as

AWx + (C - A) waY = TX
AW& - (C - A) Wsz = TY
AWZ =y (D-12)
where the torques TX’ TY’ and TZ are,
TX = -M [ﬁx (yz + b2 + a2 + 2b y sin a - 2a y cos a)
+4 (2wx + 4) (by cos at ay sin )
.. 2
+q (y*“ - ay cos a+ b y sin q)
+waZ (a2 - b2 - 2ay cos o = 2b y sin « - yz sin2 a + yz cos2 a)
2 2 : &
+ (wY = W, ) (ab+ aysin o - by cos a - y° sin « cos a)] (D-13)
C 2 ; 25 w2
TY = =M [WY (b" + 2b y sin a + yv* sin” o)

+ (ﬁz - W,W,) (ab+ aysing=-b y cos o - Y2 sin a cos a)

X'y
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+ WXWZ (y2 + b2 + 2b y sin a - Y2 cos2 a)

+ 20 & (b y cos o + yz sin a cos a)

+ 2w, & (b y sin a + y2 sin2 )] (D-14)

By~ =M [ﬁz (a2 ~ 2ay cos a+ yz cos2 a)

+ (ﬁ& + WXWY) (ab+aysinaoa -b y cos a- y2 sin o cos a)
+ waY (--a2 + 2a y cos a - y2 cos2 o)

+ ZWZ & (ay sin o ~ Y2 sin o cos o)

- ZWY & (b y sin a + yz sin2 @) ] (D-15)

With ball's equation of motion in tube given as,

U~

ya + QX (y - acos a + b sin a)

- WXZ (b cos a + a sin a) - WYZ (b sin o + y sin o cos a)

= sz (a sin o - y sin o cos a)

waZ (a cos o+ b sin a - v cos2 a+ v sin2 a)

+ wX & (asin o + b cos o - a sin a = b cos a)

Cpy

+ () a=0 (p-16)

The drag force on the ball consists of two components: the pressure drag

and the viscous drag. For the case where the gap between tube and ball is
small, as in the GPS nutation damper, and the speed of the ball in the tube is
small compared with the speed of sound, it has been determined in Ref. D-3

that the drag force is primarily due to pressure drag. The drag force D,
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can be written as

3
L
D'ama( 72 )S‘(ﬁs

1>

where
p = viscosity of gas in tube
=G = =
g (v YpiY = 8ap parameter
Y ™ inside radius of tube
S = speed of ball relative to gas
CD = dissipation coefficient

i 3
‘ i35 "% Yy
4x64 g5/2

For GPS nutation damper,

178.1 x 10°°

e
]

x 2.089 x 1073 1b, sec/Er

 (0.633 - 0.625) / 0.625

,
os)
]

0.633 in.

=)
]

Hence, value of dissipation coefficient,

CD = .0171 lbf/(tt/sec)

To handle the discontinuity at either end of the damper tube,
4 = -ed at o = + o max

where

a max * (8/159) rad = 2.9 deg.

€ =

0 for inelastic collision

1 for elastic collision.

let




The GPS requirement on half cone angle of nutation is to be less than
2 deg. The discontinuity situation is not expected to be encountered often

if the 2 deg. requirement is met. The value of € = 1 would give a

conservative result in that less precession energy is dissipated at bottoming.

Hence, use of ¢ = 1 is recommended for this reason.

NUTATION DAMPING TIME CONSTANT VERIFICATION

Nominal Solution Undamped Rigid Body Motion

Consider a rigid body with symmetric moment of inertia about the traverse

axes, i.e., IXX = Iy in a torque free situation. The Euler's equation

is reduced to:

Wy = -A W,
ﬁ* = A W,
ﬁz =0 (D-17)
whe re
i Iz_zl_lg) iﬂ_l)g(n_l)
XX XX

The solution of the above equation can be written as:

Wx = =B sin it
= 0
WY B cos Ot
wZ = wZ(O) (D~18)

[

with Q A wZ(O) (D-19)
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The angular momentum vector is written as:

= + -
H=TI W Xp+ Iy W Yo+ 1, W, 2 (D-20)
Since there is no extermal torque, the angular momentum is constant. The
nominal motion of the rigid body can be visualized as a constant precession
about the angular momentum vector with a precession rate { and a nutation

angle 6 which is defined as:
Y ATCTICIOE SR

B 7
tan8=—H—I—= XXIXW L =IYYw (D-21)
S 2z ZZ7
Therefore:
I
YA
= —_— ] =

B ( I X tan © Wz (D-22)

For small value of ¢, (6) becomes

I WZ (D-23)

I
- (-—Z—ze
YY

A relationship between the rigid body's angular momentum and rotational energy

useful for later development of the energy sink approximation is:

2 2 2 th Hs2
T=5%_ (W °+ W, ) + 5%, W =+ (D-24)
XX X Y ZZ Z ZIXX ZIZZ
H2 = H + H €
t s
ke 2
Hence th = ( I XX_Zi 2T - %——-) (D-25)
Z7 XX ZZ
From (5)
2 {
S SRS, "xxlzz ) ( o R, ) 5
. g D-2
H2 IZZ 1XX Hz IZZ (
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Nutation Damping Time Constant

The GPS nutation damper consists of a tube aligned with respect to the

vehicle spin axis. A ball inside the tube is dissipating the nutation

energy via viscous drag force retarding the ball's motion. An approximation
procedure known as the energy sink concept assumes that the dissipation of
nutation energy does not change the system's angular momentum (which is
dominantly spin angular momentum). Hence equation (D-25) can be differentiated

with terms H neglected in this approximation, i.e.,

21, T
2 sin © cos © 68 = — (D-27)

(n=-1) 2

For small value of ©,

25 —F
£ Z
8 0 ——2—2 (D-28) _
(n-1)F a
A further approximation involves
- 2 _ 282
M e g (p-29)
Hence
T e el B
9 (D-30)
- 0
(n l)IZZWZ J-

The energy dissipation T can be expressed as the product of the drag force

the ball experienced and the velocity of the ball, i.e.,

f = =fvy
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with drag force,
f = CDV
and the ball velocity,

V= ya

Hence the energy dissipation rate,

; L2 02 5
T = —CD Y o (D-32)
where &« is the position of ball in tube defined as in Figure D-2,
Yy = is radius of damper tube,
CD = is dissipation coefficient
From analysis of nutation damper, the motion of the ball in tube was
obtained as
T . z 2 :
5 Yo + WX(Y - acos o+ b sina) - Wy (b cos o« + vy sin a cos a)
2 ; 2 ;
—WX (b cos o + a sin a) - W, (a sin o - y sin o cos «)
; 2 D
-waz(a cos o + b sin a = y cos” o + y sin” @)
I + &)l Y =0 -
M X 5T (D-33)

With the geometry of mounting such that b = 0 and introducing the small f,

angle approximations sin o = a, cos a * 1 and neglecting terms WXZ and WYZ |
as they are small for small nutation angle ¢, equation (17) becomes !v
7 “p’ 2 |
(gl)ﬁ i (—ﬁ*)& +W, (y - a)a = WYWZ(a -y) - Wx(y - a) (D-34)
Using the expression of WY as given in equations (2) and (7)
Wy = n W, cos 0t (D-35)

|
5
|
9
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Similarly,

2l = =5 Q Q
WX n WZ cos it

Equation (18) can be reduced to the following form:

o 5C 5(y - a)W 4
salelad e
) ™ F Ty
8¢y = @) (In ~ n2)W22
* sl b (D-36)

7 v

The solution of the standard second order linear differential equatioﬁ of

the form

o .
g F 2B ik 32 x = c 6 cos Qt “D=37)

has been obtained in standard textbooks as:

ci A
a = cos (Ot + ¢) = Ba_ cos (Qt + ¢) (D-38)
V(éz )24 422 o2 0

Compare (20) and (21),

2 = 5 Cy/(MM)

a” = 5( - a)wzzl(m

c ==5(yv - a) (2n - nz)wzz/(7Y) (D-39)
From (22),

a=-8 ay @ sin (At + ) (D-40)

Substitute (24) into (16)

T = —ﬂz CD 12 102 QZ sinz(Qt +4) (D-41)
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The average value over a full period, i.e.,

‘e = 2T | is
P
t=oyc v o202 ¢ (D-42)
:
since t_l .g P sin2 Rt + ¢)dt = &
{ P

Substitution of (26) into (14) gives

1 . 2 2 2 2:]
=1 o Q% 6
l:(n—l)I W 26] r g

é

2272
or
C yz a . 92
5 D o o
2 x (D"A3)
2(n-~1)I,ZZWz

The time constant of nutation damping can now be written as:

; 2
S 2‘“'1)Izzwz
E c i . 2 2 ’)2 (D"LCL)
3 p Y o Q
1 where
Fa e :
o V(EZ o ,22)2 % 422 92
2b =5 CD/(7M)
4 a = 5(y - a)wzz/(7v)
c =-(2n - nz)_a_2
~~Q = (n - 1)wz
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E
The predicted nutation damping time constant for the two cases of WZ =
100 RPM and WZ = 10 RPM are computed as follows:
Case 1:
r = 13.25 fE.
a = 10.25 ft.
| m = 0.018 slug
CD = 0.0171 lbf/(ft/sec)
IXX = IYY = 77 Slug,—ft2
IZZ = 94 slug—ft2 |
' Wz = 100 RPM = 10.47 rad/sec.
n = 1.22 j
& =5 Q
2b = 0.6789 J
1 & = 17.728 |
] 32 = -16.84 H
ozo = -1.348
Tc = 155.755 sec.
Case 2:
W, = 10 RPM = 1.047 rad/sec. .
n = 1,22
Q2 =0.231
2b = 0.6786

0.17728

[\
]




c = -0.1684
o = -0.84275
o
TC = 398.497 sec.

The nutation half cone angle history corresponding to Case 1 and Case 2
considered above are plotted in Figures D-3 and D-4 respectively. These
results are obtained using the nutation damping simulation program where the
detailed dynamics of the damper ball and rigid body dynamics are

considered.
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100 RPM
IXX = 76.3
[ = 78.3
w 7
= 94.1
9
¢
(deg)
4
3=
4 2r_.
"Time constant" = 150 sec.
(155.75 sec. was predicted)
Tl
Bottoming
0 1 { { ’
0 100 200 300

Figure D-3. Simulation Data
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“C
(dea)
2.0

1.5

1.0

10 RPM

Ixx = 76.3
Iyy ¥ #8.3
IZZ = 94.1

“"Time Constant" = 365 sec.
( 398.5 sec. was predicted)

1 1 |

100

1
200 300 400 500

Figure D-4. Simulation Data
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APPENDIX E

MODEL FOR GPS DIGITAL SPIN SUN SENSOR (SSS)

This appendix documents the GPS spin sun sensor (SSS) model. It has been programmed
on a digital computer, and the simulation performs satisfactorily. Figure E-1 shows

a flowchart of the math model which is based on the data of the references and the
assumptions listed in this appendix. The main simulation program will provide the
model with the sun vector in the spin reference frame and the spin rate at each sample
instant. The model will provide a flag indicating whether or not a pipper command
pulse will occur during the next sample interval, the time to the pipper pulse from

the current sample instant, and the solar aspect angle at the pipper pulse occurrence.
DISCUSSION OF THE MODEL

A flowchart of the preliminary math model for the SSS is shown in Figure E~1. It
accepts from the main program the spin rate and the sun vector in the spin reference
frame at the sampling instant. To simulate the asynchronous pipper pulse within a
synchronous simulation, both a flag and the predicted pipper pulse time from the
current sampling instant is output when the pipper pulse is predicted to occur within
the next sample period, Tsamp' The measured solar aspect angle, nominally the
angle between the Z axis and the sun vector and specifically the angle between the sun
vector and the sensor Z axis, will be computed ° the time of the pipper pulse,
quantized, and output to the main program along with the flag and pipper pulse time.
To perform these computations, the model must be initialized with the angular align-

ment of the sensor and the orientation of the spin vector with respect to the vehicle.

The SSS model described in Figure E-1 is based on the 1/8/75 spin sun sensor procure-
ment specification and the assumptions listed in Table E-1, Table E-1 lists the initiali-
zation data required by the model. Table E-2 lists the input data to the model from

the main program, and Table E-3 lists the outputs computed by the model. The inter-

mediate variables internal to the model are described in Table E-4,

The notation [8]j denotes a rotational transformation by the angle 8 about the j axis.
Transformations used in the model and those suggested to be used in the main program
to obtain SW, the sun vector in the spin frame at the sampling instant t, are defined

in Figures E-2 through E-7.
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INITIALIZE

INPUT SENSOR
T0 VEHICLE
ALIGNMENT ANGLES

COMPUTE VEHICLE
TO SENSOR
TRANSFORMATION

{

INPUT ALIGNMENT
ANGLE OF THE
SPIN VECTOR IN
VEHICLE FRAME

COMPUTE VEHICLE
TO SPIN
TRANSFORMATION

ENTER

INPUT SUN VECTOR IN SPIN
FRAME & SPIN RATE FROM
MAIN PROGRAM

SUN ON
SENSOR FACE

TRANSFORM SUN VECTOR TO
SENSOR FRAME

TRANSFORM
BORESIGHT B TO
SPIN FRAME

DEFINE SENSOR
PLANE UNIT NORMAL
IN SENSOR FRAME

COMPUTE (3, COMPLEMENT OF
SUN ANGLE

COMPUTE PW, UNIT NORMAL TO
PIPPER COMMAND PLANE IN SPIN
REFERENCE FRAME

COMPUTE TIME OF PIPPER
PULSE, TPIP

TPIP
WITHIN CURRENT
SAMPLE
PERIDD?

COMPUTE SUN
VECTOR IN
SENSOR FRAME
AT TIME OF
PIPPER PULSE

RESET
PIPPER FLAG
SOR TPIP
OUTSIDE OF O
TOLERANCE?
NO. OF
ITERATIONS
ADD RANDOM
ERROR TO TPIP

l COMPUTE SUN ANGLE ]

| serewperriac ]

OUTPUT FLAG,
TPIP, SUN ANGLE

RETURN

Figure E-1. GPS SSS Model Top Level Flowchart
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TABLE E-1. INITIALIZATION DATA

L Bw

Degrees

Variable Units Description
g Degrees Figure E-6
8 S Degrees Figure E-6
Vg Degrees Figure E-6
O Degrees Figure E-7

Figure E-7

TABLE E-2,

INPUT DATA FROM MAIN PROGRAM

Variable Units Description
TSAA\H’ Seconds SSS Sample Period
W, Radians/ Spin Rate
S .
Second
S (t) Sun Vector in Spin Reference Frame at
% Sample Irstant
TABLE E-3. SSS OUTPUT TO MAIN PROGRAM
Variable Units Description
i Seconds Time from beginning of current sample
pipper 2 : :
interval to time of pipper pulse.
SUN Degrees Angle between Z sensor axis and sun vector
ANG
(solar aspect angle).
I ioer Flag set to 1 if proper pulse occurs during
pipp current interval, Set = 0 otherwise.
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TABLE E-4. INTERNAL VARIABLES

Variable Units Description !
[T Sensor to vehicle transformation.
v/s Transpose of [’I‘S/v]. (See Figure E-6.)
PR ] Vehicle to spin transformation. (See
W/V ; »
Figure E-T.)
[TW/S] Sensor to spin transform:xtmr'xT
ki = [T T
(Tw/sl = (Tyyy ! (Tsyy]
B Boresight vector in spin frame. (See
W :
Figure E-5.)
E\_‘S Normal to sensor plane in sensor frame.
(See Figure E-5.)
8 Radians Sensor measured value of complement of
the sun angle.
$W Sensor plane normal vector in spin frame.
§g Sun vector in sensor frame,
ITER Iteration counter.
~
Eq Unit vector along sensor Z axis.
TP Seconds Value of Tpippor from previous iteration.
8' Radians Value of 8 from previous iteration. !

The method of solution for the pipper command and pulse time and the analysis
performed to develop the model are documented in the subsection entitled ""Method
of Solution." The analysis showing the effect of the quasi-stationary spin axis

orientation is also documented. The model does not include sensor dynamics or

anomalies in the optics.

ASSUMPTIONS

e The orientation of the spin axis to the vehicle axes is defined in Figure E~7

and is constant. Nominally, the spin axis and the Z vehicle axis are aligned.

) The sensor reference frame and orientation to the vehicle axes are as defined
in Figures E-5 and E-6. Nominally, the Z sensor axis is parallel to the spin

axis.
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Oex 1

Iy
!
A —
H
0
A
I
.Z‘IZ 0Z
é
INERTIAL FRAME CRBIT FRAME |
XI - in celestial equatorial X0 - ascending node
plane pointed toward
vernal equinox
YI - in celestial equatorial YO - lies in orbit plane :
plane at 90 degrees right and 90 degrees from X |

ascending ¢

Z0 - perpendicular to
orbit plane
(right-hand triad)

Z, - perpendicular to
equatorial plane
(nominally toward Polaris)

TRANSFORMATION FROM INERTIAL FRAME TO THE ORBIT ORIENTED INERTIAL FRAME IS
T = i a]
[Ton] =[] [],

where ap = right ascension of ascending node

orbit inclination

| N—

Figure E-2. Definition of Transformation from the Stellar Inertial Frame
to the Orbit Frame
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arIn 2,
By
Ba
Yo
X9

%
X

X'

o

This is a time varying transformation driven by the control system where

Yo

MOMENTUM (H) FRAME

Zy

Yy

() L],

o

along spin vector

intersection of orbit
plane and plane normal
to spin vector.
Displaced from YO by
angle Yo

completes riqht-hand
orthoaonal triad

the angle from XO about Z0 to the projection

of the spin vector on the orbit plane XOYO

%o

plane normal

Figure E-3.

= the angle between the spin vector and the orbit

Transformation from the Orbit (O) Frame
to the Momentum (H) Frame
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SPIN

Zy

Zy
]
; N

w,
S
YU
st
Yi
E
wst
X SPIN fm! FRAME
4 H X 3
w Zm - along spin vector
. Y - w.t about Z,, or Z from
T = w S H w
1 o] = | ust
Y
7 H
Xw - wst about ZH from XH

Figure E-4. Transformation from the Momentum (H) Frame
to the Spin (w) Frame




SENSOR FRAME

£

YS is along N, the normal to
the 6 = 7 plane (plane of

snzson PLANE g )
o = 0) the narrow field of view).

>

X_ is along B, the boresight
which is the intersection
of the plane ¢ = 0 and the
plane g = 0,

Z_ conpletes the right-hand

(&}

orthogonal triac.

Figure E-5. Definition of GPS SSS Sensor Reference Frame
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[va] . [T sPIN/VEHICLE] ) ["“] x{s“]v

This is a constant transformation where
1 = angle between the 7, axis and the projection of the

spin vector on the *V -~ ZV plane
% = angle between the spin vector and the XV

- Iy plane

Figure E-7. Definition of GPS Spin Reference Frame and Transformation
from Vehicle to Spin Reference Frame




e 'T'he sample period T will be 0.05 sec or shorter to preclude the sun

SAMP
veetor from entering the active region of the sensor from the opposite side

of the vehicle during onc sample period.

e The rate of angular displacement of the spin vector in incrtial space will be
less than 0.01 deg/TSAMP so that angular displacement of the wpin axis during
TSAMP will be negligible. This will allow prediction of the pipper pulse from

the spin rate and geometry without accounting for spin vector displacement.

° At each sample instant, the simulation main program will provide the SSS

model with

1. Spin rate W, about the spin axis in rad/sec, and

S
= (0 : e )
2 SW , the sun vector in the spin frame.
® The pipper command pulse occurs 0.25 deg/cos 8 ahead of the crossing of
the sensor (8 = 0) plane. The repeatability of the pulse with respect to 5= 0

is 3 arc minutes for repeated crossings at constant 8.
METHOD OF SOLUTION

The method of solution is to predict, from the sun vector, sensor plane unit normal
vector and the spin rate, the time of the pipper command pulse, and the measured
solar aspect angle at that instant. It is assumed that the spin axis is quasi-stationary

as explained in the next subsection.

Define the pipper command plane with unit normal ES to contain the sensor Z axis and
the sun vector at the time of the pipper command pulse., The unit normal PS can be
defined in terms of NS' the normal to the sensor (8 = 0) plane shown in Figure E-5,
PS is the result of the rotation of NS 0.25 deg/cos B about the Z sensor axis, where
8 is the complement of the measured solar aspect angle also shown in Figure E-5.

ES = (=0.25/57.3)%(1/cos B) (E-1)

N
Z 'S
This relationship between the pipper command plane, sensor plane, and aspect angle
is defined in Reference E-1. At the time of the pipper command pulse, the sun vector
lies in the pipper command plane; therefore, the sun vector S and the normal P are

perpendicular at this instant. Thus,
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S-P=0 (E-2)

The solution of Equation (E-2) will allow the prediction of the pipper pulse time. If
sensor, vehicle, and spin reference frames all have Z axes aligned, the solution is of
closed form. However, these frames, in general, will not be aligned, so an iterative
solution is shown in Figure E-2. The solution of Equation (E-2) will be done in the spin
reference frame so that only rotations about one axis need to be considered. The sun

vector in the spin frame,

Sy ° [Ty ! [Tyl [Togd S B (E-3)

where the transformations from the inertial frame to the spin frame are defined in
Figures E-3, E-4, and E-5, will be input from the main program at the sampling

instant. The pipper command plane unit normal in the spin frame

— i T N
Py = [Tyyy] @1 g/yl [(-0.25/57.3) 1/cos 8], Ng (E-4)

will be computed in the model. The transformations [T ] are defined

wyv) and [Ty

in Figures E-7 and E-8. The initial value of Bis computed from the sun vector §W

at the sample instant:

o I T =
=9 3 -
B=SIN © (kg [Tg, ] [T W/V] Sw) (E-5)
At the instant of the pipper pulse, Tpippcr' the sun vector in the spin frame will be
SW(r1 pipper) - [WS lpipperj7 bW vt
because the spin frame rotates about the Z axis. WS is the spin rate (about the Z spin
axis) and Tpipper is measured from the sample instant. Incorporating (E-4) and (E-6)
into (E-2),
[WS plpper] SW J PW =0 (E-T7)
Evaluating Equation (E-7), one obtains
; - + = = E-8
(sin W pippcr)(SyP S, P ) + (cos W Tplpper)(sxpX SyPy) s,P, (E-8)
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( 3
Yu\t’rl\t) \w(t)

p(trat) hA P(t)

S Xm(t+At)
X (t)

Y

Figure E~8. Sun Vector Rotation

which has the form

sin 8§ B+ cos 8 A = -K

Equation (E-8) can be reduced by trigonometry identities to

-Szpz
sin(W_ T . +g) = I
S pipper (SZP2+82P2+52P2+82P2)2
X X vy y X X'y
o -S P
ST IR S
\fa-sHa-p2)
z z
where
S P +S P
e XX ¥ ¥V
® = sin
\/a-s3a-p?.
z z
Then,
2 -S PZ 1
= in - -“—/— (E—Q)

Tpipper N -
\Ja-s%)1-p?)
Z z

Examining the second term, we see that the opposite sign is needed so that, for positive

spin rate and P_, P, S, S_positive, the time T will be positive for the time
¥y % ¥ pipper

required for the sensor to rotate so that the sun vector is perpendicular to the plane
normal P (Figure E-9). IExamining the first term, we see also that the sign is wrong
because the sensor must be rotated farther to cross the sun vector when SZ and Pz are

of the same sign than when they are either zero or of opposite signs (Figure E-9). Thus,
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COMMAND
PLANE p

Y
w
COMMAND
PLANE
Figure E-9. Sun Vector Sensor Geometry
-1 Sxpx +85 P
= + sin | ———% (E-10)

T,
pipper

\/(1~sz)(1-p2) ]
Zi Z

Because the sensor frame is not aligned to the spin frame, the measured B is recomputed

for the sun vector in the sensor frame at Tpipper' Equation (E-10) is then iterated with

P based on the new value of 8. This iterative process can be repeated until the Tpipper

N and/or B converge to acceptable tolerances or for a maximum number of iterations.

B E > W , the pipper command will occur following the next sampling. If
pipper samp
Tpipper < 0, the pipper command has already occurred in a previous sample period.

There is also a random error which must be added to Tpipper' It is the 3 arc minute

repeatability of the pipper command at 8=0. This repeatability is assumed to be the

same for repeated passes through any angle 8. The random time error will be modeled

;‘ by a nominally distributed random number representing the uncertainty in the time of
: the pipper pulse. The 1 sigma value of this time uncertainty is
3
|
: ct = le-g —1—. sec
rand 57.3 WS

If the spin rate is variable, a random number generator which has a variable standard

F deviation will be needed.




SIMULATION ACCURACY WITH ASSUMPTION OF
QUASI-STATIONARY SPIN AXIS

The GPS SSS is designed to operate in the spin rate range of 5 to 100 rpm. To model
the sun crossing pipper pulse time but maintain a relatively long sample period TSAMP’
it is necessary to predict the time within the sample period during which the pipper
pulse occurs. It is assumed that the rate of change of the spin vector orientation is

sufficiently small (less than .01 deg/T ) so that the angular motion of the sensor

SAMP
with respect to the sun vector can be assroximated by the angular motion about the spin
axis location at the last sample instant. Then the prediction of pipper pulse time is a
straightforward computation from the spin rate and the sun vector in the spin frame at
the last sample instant. If the spin vector orientation will be changing faster than .01

deg/'T then the model needs to be changed to use an iterative method or to extra-

SAMP’
polate the sun vector to the spin frame at the instant of pipper crossing.

The maximum spin axis orientation rate according to the Reference E-3 precession
control mode is . 186 deg per jet firing. The duration of firing is .111 sec and firing

occurs once per revolution.  Since the precession equations are derived from

..:_’1—1 L ==
X ——gT‘f'W}\“

or
T = W x hk
T =W h
X y
I' =-W h
i X

the jet torque causes rate rather than acceleration. The precession rate will be

.186 deg/.111 sec = 1.66 deg/secc.

This rate of change of the spin axis orientation docs not occur as a continuous function,
but the rate is present for about 60 deg out of each rotation. With a sampling period

of .005 sec, the error in spin axis orientation knowledge at the predicted pipper pulse
time would be about . 008 deg in the worst case. Worst case will occur when the pipper
pulse occurs at the end of the sample interval. This will be an error of . 008 deg in

the aspect angle measurement with negligible error in the pipper pulse time.

papre
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APPENDIX F

REACTION JET MODEL FOR GPS INDEPENDENT ANALY SIS

This appendix presents the model for the GPS reaction jets. This model is based on
the model used in the 3XATS simulation. Both ATS and GPS use Rocket Research
Corporation monopropellant hydrazine thrusters. Any data that was not available from

Rockwell was extracted from ATS documents.

MODETL DESCRIPTION

The model consists of an initialization section and a normal operation section. The
initialization scction performs one-time computations and clears outputs and counters.
The normal operation section receives jel commands from the controller and outputs
total jet force and total jet torque on the spacecraft. The following are system charac-

teristics included in the model:

e Thrust increases with catalyst temperature which increases when the jet is
firing and decreases when the jet is not firing. The time constant for heating

is less than that for cooling.
° No thrust is developed if the jet command is less than the minimum on time.

° Thrust start and stop times lag the jet command start and stop times due to

valve response time and hydrazine burn response.
° Eighteen thrusters are used.

° Thruster torque depends on variable spacecraft cg location.

The following are jet system characteristics not included in the model:

a Dynamics of the thrust rise at turn-on and thrust decay at turn-off must be
considered because of the impact on computer run time. The static model
will be adequate for all but difficult 1imit cycle cases. These limit cycle
cases should be studied using a single-axis simulation and correlated with

static model results. A dynamic model can be provided if necessary.
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Chinges in thrust due to supply pressure reduction with fuel consumption is
not modeled. The supply pressure changes will be very slow. Stability should

be analyzed with both high and low supply pressure by changing the thrust level

initialization inputs.

® Dynamic changes in thruster position and angular alighment are not considered.

The spacecraft is very stiff. Cases of extreme position and angular alignment

should be run.

The jet model flow diagram is shown in Figure F-1. The left arrow («~) within boxes

indicates replacement, i.c., the expression on the right replaces the variable on the
left. Mathematical subscripts are used. Symbols used in the flow diagram are defined

in the sections below. Comments appear outside the boxes to describe the operations

within the boxes.
INITIALIZ ATION DATA

Table ¥-1 lists the initialization parameters, nominal values, tolerance, and source

of data. This data is to be input at the start of each run.

INPUT AND OUTPUT DATA

Table F=2 lists the input data that the jet model expects from the calling program each

time the jet subroutine is executed in the normal mode.

Tuble I'-3 lists the output data from the jet model subroutine. Other subroutine

variables may be outputs if the user desires.

INTERNAL VARTIABLES

Internal variables used in the flow diagram are defined in Table F-4,
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ENTER
SUBROUTINE JETS,

NOTE: LEFT ARROW (-4 INDICATES
REPLACEMENT OPERATION.

=1 (NORMAL)
£ 1(INITIALIZE) 4
CACB, - COSA COSS, JAELYIGT:':::;
CASB, - COSA,SINB DIRECTION
SA -~ SINA COSINES.
CON, - 1.e Y ON, THRUST RISE AND
COFF, - 1.47 1/ OFF, DECAY INCREMENTS
JETCTR, . 0 INITIALIZE JET PULSE COUNTER,
TomT, . 0 TOTAL JET ON TIME, INITIAL
THRUST, AND TIME UNTIL JET
FSAV, < FMIN, TURNS OFF
PTOFF, . 0
ON DELAY, QUANTIZED TURN-ON DELAY,
M, < INTEGER ————— CONSTRAINT 0_M, 19
1

JET2, j0 INITIALIZE JET COMMAND HISTORY

LOOP FOR 20 PREVIOUS COMMANDS.

LOOP FOR 18 JETS

0
CLEAR TORQUE,

TYIET g FORCE, AND
TZET - 0 JET COUNTER
EXTOT - 0 ouTPUTS

0

0

0

INITIALIZE JET SUBROUTINE
TIME COUNTER

MINIMUM ON TIME QUANTIZE MINIMUM
e - ON TIm

ICMIN - 1 + INTEGER (
1

CONSTRAINT 1 _ICMIN _ "M+ 1

RETURN END OF INITIALIZATION

Figure ¥F-1. Flow Diagram of Reaction Jet Model
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I TYM < TYM + DEL

]

!

TXJET
TYJET
TZJET
FXTOT
FYTOT
Fz10T
JETCT

1

cooc o oo e

o]
o]

JET2; - JETZ 4 g
REiEe
19
19
JET2, 50 = JET,

C (JET TURNING OFF ) @

Figure F-1. Flow Diagram of Reaction Jet Model (continued)

(JET COMMAND
REMAINING ON)
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INCREMENT TIME COUNTER

CLEAR TORQUE, FGRCE, AND
JET COUNTER OUTPUTS FOR
UPDATE.

UPDATE HISTORY
OF JET COMMANDS.

PUT LATEST JET
COMMAND INTO HISTORY

(JET COMMAND
REMAINING QFF )

(JET
TURNING

ON)




ON DELAY OFF TIME.
- INTEGER Gy S &

G-

YES
DON < DEL

PTOFF, > TYM + DEL

(JET WILL STAY
NO ON AT LEAST
ONE MORE INTERVAL.)

DON < PTOFF;, - TYM

>0

DON
(JET WILL
-0 STAY ON FOR

j PART OF INTERVAL.)
G 1

(JET 1S
OFF.)

FSAV, - FSAV, + (FMIN; - FSAV) * COFF, DECREASE JET THRUST
POTENTIAL DUE TO

CATALYST COOLING.

SET JET THRUST TO 0.

FIET, < 0

Figurce I'-1. Flow Diagram of Reaction Jet Model (continued)
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FROM SHEET 2

(JET SIGNAL NOT ON
FOR MINIMUM TIME.)

19M+HCMIN
19:M.+CMIN - .
! (0K TO TURN JET ON)
JETCTR, - JETCTR+1 INCREMENT JET PULSE COUNTER,
BT " e SET JET THRUST, SET INCREMENTAL
]
: JET ON TIME TO ~t INITIALLY.

DON - DEL

PTOFF,

TYM + DEL

(JET IS STILL ON FROM
A PREVICUS COMMAND.)

> PTOFF,

DON - DEL - ON DELAY SET INCREMENTAL
ON DELAY ON TIME TO ACCOUNT
+INTEGER —=z=r=== * a4 FOR TRUE ON DELAY.

Figure I'-1. Flow Diagram of Reaction Jet Model (continued)
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FJET. - FSAV. SET JET THRUST, SET
| g INCREMENTAL ON TIME
DON - DE. _.
TO .
="sz
INCREASE JET THRUST DUE TO
r FJET - (FJET +(FSS-FJET,) CON,)*DON/DEL CATALYST HEATING. TAKE FRAC.
TION OF THRUST EQUAL TO
l FRACTION OF ON TIME.
TOTIT, = TOTIT+DON INCHEMENT
i i TOTAL JET
FSAV, « FJET,*DEL/DON ON TIME. SAVE
THRUST LEVEL.
80
I e COMPUTE COMPONENTS
oX; o e OF INDIVIDUAL JET
FY; <  CASB*FJET; FORCES.
FZ, « SAFIET,
FXTOT  +  FXTOT+FX, SUM TO GET TOTAL
JET FORCE ON
FY
R i L SPACECRAFT.
FZTOT FZTOT + FZ,
XL = NOZZLEX. - XCG COMPUTE NOZZLE
: R e MOMENT ARM
YL < NOZZLEY; - YCG COMPONENTS.
2L NOZZLEZ, - 2CG

COMPUTE COMPONENTS

TX < FZ *VL, - FY.*
A i o) '.ZL' JF INDIVIDUAL
f TYS - EXRZL - FZtXL JET TORQUES.
. TZY, < FY UKL FX UYL
TXIET = TXJET+TXY, el Dl
TYJET - TYJET FTVJI SPACECRAFT.
TZIET - TZIET+TZY,

TOTIT - TOTITHIETCTR,

SUM TO GET
TOTAL JET PULSES.

Figure =1,

RETURN

LOOP FOR 18 JETS.

END OF JET SUBROUTINE.

I'low Diagram of Reaction Jet Model (concluded)
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TABLE -1,

INITIALIZATION DATA FOR JET MODEL

Parameter | Subscript ] Units Mominal Source Tolerance Source |
Value |

Nozzle X 1 feet 2.833 Note 1 Not None i
coordinate 2 2.833 available

3 2.833 |

4 2, 833

5 -2, 833

6 -2.833

7 -2.833

8 -2, 833

9 2,667

10 2,667

1 i | 2,667

12 2.667

13 -2.667

14 -2.667 |

15 -2, 667 |

16 -2, 667

17 2.817

18 -2.817 ]
Nozzle Y 1 feet -0.417 Note 1 Not None 3
coordinate 2 0.417 available i

3 0.417

4 -0.417

5 -0,417

6 0.417 ,

i ~-0. 427 '

8 0.417

(2} -0.708

10 -0.708

11 0.708

12 0.708 4

13 -0.708 ]

- -0, 708 !i

i5 0.708

16 0.708

1 0

18 0

Scaled from Rockwell drawing V505-900003, Rev. C, 1427-75,
Rockwell GPS PDR handout. 1
Coordination meeting notes, 3/20/75.

Rockwell Specification MC 321-0009, 10/24/74.

Rockwell Specification MC 321-0011, 10/24/74.
GPS 0.1 LBF REA, Qualification Test Report, CDRIL Item A005, March 31,
1976.

GPS 5.0 LBF REA, Qualification Test Report, CDRL Item A005, March 31,
1976.

Pairs match to + 5%, 3¢. Pairs are 9 and 14, 10 and 13,
16, 3and 6, 4and 5, 1 and 7, 2 and 8, 6 and 7, 2 and 4,
9 and 16, 10 and 18, 12 and 14, 11 and 13.

12 and 15, 11 and
1 and 3, 5 and 8,




|
TABLE F-1. INITIALIZATION DATA FOR JET MODEIL (continued) ;
i3
£
: g
P Parameter Subscript | Units Heginal Source Tolerance Source
Value
Nozzle Z 1 feet -0.458 Note 1 Not None
coordinate 2 -0.458 available
3 0.458
4 0.458
5 -0.458
6 -0.458
i 0.458
8 0.458 |
9 -0.175 |
| 10 0..1%5 |
11 -0.175 |
12 0.175 '
* 13 -0.175
14 0. 175
15 -0.175
16 0.175
17 0.567
8 -0.567
- Jet align- 1 leg 270 Note 2 +2, 3¢ Note 3
ment A 7 270 s
! (rotation 3 90
from ‘§ Bl 90
about Y) 5 270
6 270
7 90
4 90
a 0
10 0
11 4]
P 12 0
g ! 13 0
14 0
15 0 1
16 0
y ) 90
g 8 270
Jet align- 1 deg 0 Note 2 +2, o Note 3
ment B 2 0 ¥
(rotation o 0
from X' 4 0
about Z) 5 0
6 0
T 0
8 0
9 90
10 90
11 270
12 270
) 90
14 90
1S 270
16 270
17 0
18 0

B

2 |




TABLE F-1.

INITTALIZATION DATA FOR JET MODEL (continued)

Parumeter Subscript | Units Hasninal Source Tolerance Source
Value
Jet thrust 1 1bs 0.09 Notes +10%, 30 Notes
at 204°C 2 0.09 6 and 7 = 4 and 8
catalyst, 3 0.09
FMIN 4 0.09
5 0.09
6 0.09
g/ 0.09
8 0.09
9 0.09
10 0.09
11 0.09
12 .09
13 0.09
14 0.09
15 0..09
16 0.09
Jet thrust i 4.0
at 35°C 18 4.0
catalyst,
FMIN
Jet thrust 1 1bs 0.1 Notes Not None
at highest 2 0.1 6 and 7 available
catalyst 3 0.1
temperature,| 4 0.1
FSS 5 0.1
6 0.1
i 0
8 £ 1
2! 0.1
10 (030
11 (0,531
12 0.1
13 (6 (0!
14 [yl
15 051
16 0.1
17 5. 0
18 5.0
Thrust rise 1 sec 0.4 Notes Not None
time 2 0.4 6 and 7 available
constant, o 0.4
T7ON
18 0.4
Thrust 1 sec 0.0 Notes Not None
decay time 2 0.0 6 and 7 wailable
constant, 3 0.0
T OFF
18 0,0
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TABLE F-1. INITTIALIZATION DATA FOR JET MODEL (concluded)

Parameter Subscript| Units N(\)/Tl]:éﬂ Source Tolerance Source
Jet on delay 1 sec 0, 025 Notes Not None
2 0.025 6 and 7 available
3 0.025
! 18 0.025
Jet off 1 sec 0.075 Notes Not None
delay 2 0.075 6 and 7 available
3 0.075
18 0.075
Minimum == sec 0.05 Notes Not None
! on time 4 and 5 available
TABLE F-2. INPUT DATA FOR JET MODEIL
£y
Flow
Definition Diagram Dimension Tvpe Units
Symbol
Mode control flag Mode Integer 1 = Normal
Jet command from
controller (Subscript is Jet 18 Integer 1=0n
jet number) 0 = Off
Spacecraft cg X coordinate| XCG Real Feet
Spacecraft cg Y coordinate| YCG Real Feet
Spacecraft cg 7 coordinate| ZCG Real IFeet
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TABLE F-3. OUTPUT DATA FOR JET MODEL

Flow
Definition Diagram Dimension Type Units
Symbol
"ot be jet
Patal Mamber ol 1e JETC'T Integer
operations
b f rations for

Sueher o operaiiens for. | S EreER 18 Integer
each jet
AC ated 11 > PN P ~
JuepmL e ol N rOTST 18 Real Scconds
for each jet
Xe ‘nt of total jet
X component of to.11 jc FNTOT Real Boinds
force on spacecraft
" component of total jet
; e b FYTOT Real Pounds
orce on spaccecraft
Z e > tal jet y )
‘ component of total jc F2TOT Real Ponds
force on spacecrafl
'l;om? jet torque about TNJET Real Foot
X axis pounds
’[.‘ot;\} jet torque about TV TET Real oot
Y axis pounds
Total jet tor > ak <
}(»t 1? jet torque about T Regi Foot
4 ax1s pounds
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TABLE F-4. INTERNAL VARIABLES FOR JET MODEL
Flow
Definition Diagram Dimension Type Units
Symbol
Thrust direction cosine CACB 18 Real ——
Thrust direction cosine CASB 18 Real -
Thrust direction cosine SA 18 Real i
Thrust rise increment CON 18 Real ——-
Thrust decay increment COFF 18 Real ---
ial je st
Il FSAV 18 Real Pounds
from previous cycle
dredl > 1 i i 10
g s e S PTOFF 18 Real Seconds
thrust to go off
Quantized on delay M 18 Integer Cycles
P History of jet commands JET?2 18x 20 Integer ---
Time since start of run TYM Double Seconds
precision
Quantized minimum on . :
; ICMIN Integer Cycles
time
Incremental jet on time DON Real Seconds
1 Actual jet thrust FJIBET 18 Real Pounds
X component of jet force EX 18 Real Pounds
Y component of jet force Y 18 Real Pounds
Z. component of jet force FZ 18 Real Pounds
X component of nozzle Ny 18 Real Feet
moment arm
Y component of nozzle VI 18 Real Feet
moment arm
Z, component of nozzle 7L 18 Real Feet
moment arm
X component of jet torque TXJ 18 Real Foot pounds
Y component of jet torque TY J 18 Real Foot pounds
7, component of jet torque b 1 E ] 18 Real Foot pounds
Jet index i Integer
General index | Integer

76




APPLENDIX G

GPS DEPLOYMENT MODEL




f‘
g
ﬁ
i
E
*

APPENDIX G

GPS DEPLOYMENT MODEL

The following equations will be used for simulation of the GPS rotational dynamics
during deployment. These equations will be incorporated in the one-body simulation

to investigate the effect of deployment on the pitch and roll jet channels.

The following primary assumptions were made in developing these equations:
1. Panels are treated as point masses.
2. Mass of the boom is neglected.

3. A "linear' deployment linkage is assumed.

ROTATIONAL DYNAMICS

Referring to Figure G-1 and Appendix C for notation, the angular momentum during

deployment is given by

=T p + % P O+T +D5)X¢ =
11 Iouo §i_mi(r‘o ry pi) X o (G-1)
wheroe
I =J -mM(r ,r )+ mMlr, +p., r, +p,) (G-2)
) o oo i i o s ! i

i
The rotational differential equations of motion are given by

T =1 'J: 1 o fﬁm.(x.‘ b :) +Emir +r.+ p.)X% p +w x H (G-3)
o0 oo o i ; 10 i i i 0
The deployment linkage, Figure G-2, is such that 8= 2a. With this linear relationship,

derivatives appearing in Equations (G-1) through (G-3) can be evaluated as follows:

0
(-1 (2 +b) sin 2

(b - a) cos qi

L




it saa

P2

2

CM

CM

"

Figure G~1.

Figure G-2.

Notation for Deployment Model

Deployment Mechanism Linkage Model

79




0 i
C i . !
G (-1)"(a +Db) cos "‘i”‘i) §
(a - b) sin a.q, y
ST L |
;
0
. i o g <2 t
p; *{ (-1[(a +b) cos f, - (a +Db) sin o;0.] !
(s ~B) sin o 8. + (s = B} cos T3> i
3 10 | £ 1
Lt
R o (et )
I} (o] Wans 1 1
1)
s
Y S =Y —
r0 % I Ci

. - Rl e . RO
R ¢ = = T / + 7 + +
I mM(_,r )+ M (r_,r )] zi. m, [M(p;, r; +0,) + M (p,, 7, + )]

The hinge torques are given by

— = dzﬁi (12
=5 X =5 e (F P Ep )+ o, xH, A
’ T])i 0 % mi 2 F = (ro rl 01) 04 e ml lcm
dt dt
4
3 =y x[r +p. +w X +r, + +2 5
Tl)i s b lr‘o By Gy (ro I‘i pi) Yo 2 (ro oi)

+w xw x(r +r, +p)] +p.xa
o ) (o i pl] Pi cm

The hinge torques are produced by spring forces which will be modeled as

1
1
f . = + 5 :
o e TS T ;
0 t
i
i
:
‘V
|
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APPENDIX H

SOLLAR PRESSURE TORQUE AND FORCE MODEL

This appendix summarizes the preliminary solar pressure force and torque model

developed for the digital simulation evaluation of GPS stability and control analysis.

The solar force results from the photo momentum transfer to the vehicle surfaces

exposed to solar illumination. The magnitude and direction of the solar force developed

on a given vehicle surface are functions of the vehicle-sun attitude, the geometry of
the surface, and the physical characteristics of the surface. The solar torque will be
developed if the vehicle center of mass is not coincident with the center of total net

force.

The model described in this appendix was based on the vehicle geometrical configur-
ations deduced from the Rockwell drawing No. V505-900003 titled "Spacecraft General

Arrangement Baseline Configuration - GPS, " January 27, 1975.

VEHICLE GEOMETRY FOR SOLLAR TORQUE EVALUATION

The GPS spacecraft configuration has been approximated by surfaces of simple geo-
metry to facilitate the evaluation of solar force and torque. This simplified geometry
consists of five flat surfaces, six cylindrical surfaces, one segment of a cone, and
fourtcen complete cylindrical surfaces for the representation of vehicle main body,
solar panels, thruster conce, and antenna in on-orbit configuration. The stowed vehicle
during the spinning phase is approximated by a complete cylindrical surface. The

geometries of the simplified vehicle configurations are shown in Figure -1,

Total solar pressure force and torque experienced by the vehicle can be evaluated as
the vector sum of the forces and torques exerted on the approximating surfaces.
Nominal geometries including size, location, and orientation of the surfaces for the
GPS vehicle are summarized in a la‘er section of this appendix, These data are based
on the Rockwell drawing No. V505-900003 titled "Spacceraft General Arrangement
Baseline Configuration - GPS, " January 27, 1975. The computations involved in the
cvaluation of the force and torque contributed by these elementary surfaces are

described in the sections that follow.
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Simplified GPS Geometry and B-Frame Definition




Solar Pressure on Flat Surface

A flat surface, defined in terms of the surface normal N and geometrical center C,
develops a solar pressure force F and torque T about vehicle center of mass as given

in the following equations:

B =-FN+F[N-SN-S/I(N- SN-S! (H-1)

1
n

bl O 5 (11-2)
where

S = LOS vector to sun

i 5

)
Fn = [(1 +sp) cos™ ¥ +%— o(l - s) cos U ]PA
AF‘L = [(1 - sp) cos § sin ¢] PA

v - 2
! P = solar pressure = 1 x 10 4 1b/ft”™

(

p = fraction of incident radiation reflected
s = fraction of reflected radiation that is spccular
C = position vector of surface gecometrical center from vehicle center of mass

cosiyr= (N = 5)

Note that, for the case N=S5,
l(N-SIN-81=0

This portion of computation in Equation (1i-1) should be bypasscd. This is when there

is no tangential force.




Solar Force on Cylindrical Surfaces

From the geometry of Figure H-2, the location, orientation and size of a cylindrical

surface can be completely specified in terms of the following parameters:

C = position vector of the geometrical center of the surface
' N = normal vector at C (orientation)
T = tangent vecior at C (orientation)
r = radius of the cylinder (size)
8, = angular width of the cylinder (size) 1

£ = length of the cylinder (size) |

The evaluation of solar force on a cylindrical surface can be carried out by the sub-
division into n flat surface elements as shown in Figure H-3. The ith flat surface
element is defined in terms of the location of its geometrical center Ci and the normal

vector Ni which are rclated to the cylinder parameters as

Iligure H=-2. Surface Numbering Notation |
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Figure H=~3.

FRONT VIEW
LOOKING AFT

1.7
20.7

Definition of Antenna Rods

x74=418
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Ei =C-rN+ r_I:Ii (H-3)
-Ni = cos ei_lﬂ + sin ei'g (H-4)
where
S - A2 +ip, = -
8 f0/2 2 +ip, 1=21,2,, n (H-5)
&= Yot
The area of ith surface element is
:\i s R (H-6)

The solar forces and torques developed on these flat surface elements can be computed
using Equations (H-1) and (H-2). Let the forces and torques be denoted as Ei and Ty

The total force and torque developed by the cylindrical surface are _ch and 4% evaluated as

. n
= e (H-T7)
—g =i
i=1
n
e e (11-8)
i=l
] ‘ For the case of a full cylindrical surface, such as the antenna, the cylinder is defined
in terms of following parameters:
E
C = position vector of the center of the cylinder from vehicle center of mass j
L = unit vector along the cylinder axis
r = radius of cylinder
£ = length of cylinder
The solar force I and torque 7 about vehicle center of mass become 1
= «F N =« F L (H-9)
- n— =
l: L X _" (H'lo)
where
N=[s-(-DL)/IS-(E"- L]

Fn = [(1 +sp/3) sin2ﬂ+ a(1 = s)(11/6) sin 2] PA
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Ft = [(1 - sp) sin & cos §]PA
A = projected cylinder area = 24r
cos 8 =(S- L)

D=C+rN

Again, the computations associated with 5§ - (S - E)I_Jf should be bypassed for S = L.

This is when there is no transverse force.

Solar Force on Conic surface

From the geometry of Figure H-4, the location, orientation, and size of a conic surface

can be completely specified in terms of the following parameters:

13(: = unit vector along cone axis
oM radius of circlce on top

' ¢
ry o radius of circle on bottom
g = center of circle on top
==

h = height of conical surface
p The evaluation of the solar force on a conical surface can be carried out through

approximations using flat surface clements, FEach surface element is a trapezoid which

can be represented by a surface normal Ni and the location of its geometrical center C,
= —i

as depicted in Figure -4, These parameters are related to the defining parameters

of the conical surface as

=CosS B cos v, X +cos A sinn,Y_ +sin a4 N (H-11)
c i=c (o i— c—c

C,

—i

= z_\i +[(2rb+r1)/(31‘b+ 3r1)][_1_3i - i\l] (H-12)

where X and Y are unit vectors that make (5(‘ e M ._’\TC) a right-handed orthogonal

triad. For convenience, let

<
1

% ’ | .\ Y 2wV -
(ﬁ(‘k?—(gl“—wc?"‘—\s" XS \B T(C
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Iligure 11-4. Geometry of Thruster Cone
| A.=0 +r cosna.X +r sing,Y
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z]‘ = distance between A! and B!
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The area of the trapezoid is

1
/ = — + ! -
Ay =3 (rl rb) 8L (H-13)
The solar force and torque contributed by each of the trapezoidal surface elements can

then be computed using Equations (11-1) and (H-2) with the total force and torque contrib-

uted by the thruster cone evaluated in the same manner as Equations (H-7) and (H-8).
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Vehicle Nominal Attitude and Shading Considerations

The GPS spaccecraft on-orbitattitude is sun and earth oriented. The pitch and roll
control allows the vehicle yaw axis to be aligned with local vertical. The vehicle yaw
motion is such that the solar array surface normal can be driven to be aligned with sun
line for maximum solar exposure. Attitude accuracy requirements are 0.5 deg for

roll and pitch and 3 deg for yaw.




In order for the vchicle main body to cast shadow on the solar array, the minimum yaw

attitude error must be \yg.

S TR SRR %
ey tan (Wi)wian (23)~27.5 deg

where
f = clearance between main body and solar array
b = length of main body

Similarly, the main body will not be shaded by the solar array panels. Also, the solar
array attitude is driven to within 5 deg of maximum exposure. Hence it can be assumed
that the solar array is completely free of shadow. Since the sun vector can be any-
where within the pitch plane, the shading of the thruster cone and the flat surf-ce P1
interfacing the thruster cone need to be considered. The shading of the antenna is

ignored due to the relatively small areas involved.

Shading of Thruster Cone by Surface P;-~-The shading of the thruster cone can be

considered in terms of the i'h flat surface element described earlier. Referring to

the geometry of Figure H-5, the projection of point Ei on the surface Pl is 1_)1. Any
point located on the surface P1 satisfies the vector equation

(1_7j = SPI)' -NPI =10 (Fi-14)
Also, the vector (_l_)]_ - I_%l,) must be pointed along the sun line, i.e.,

(I_)i - _I_%i) =rS (H-15)

where r = distance between I;i and |_)1,. The projection of vector (Bi - i\i) on P along

1

S is the vector (l_)). - ;\i) which intersects the cdge of P, at 1_3’ Hence _I_] satisfies

1
the vector equations

>
By~ Spy)* By - Epy) 7 %o (H-16)

(E. - A) =D, = A,) (H-17)
)| =1 el =1

where t = ratio of distance between I'Ii and A, to that between I)i and Ai'
e L & -

9l
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Figure [l1-5. Shading of Thruster Cone by Plane P1 Illustrated
in Terms of Elementary Surface A, ~ Bi

—i

' Solution of the vector equations for l)i and E. is included in this appendix. Once the
= =
point K. is determined, the shade of Ei on the surface element, denoted as the point Alf,
= e 2

can be computed, i.ec.,

NI = - -
20 8y g B — ) L
where
JLAE = distance between i\i and —}:1
zM) = distance between ___\l_ and L)],

To evaluate the solar force contributed by the unshaded portion of the ith surface ele-
ment, Equations (I1-11), (11-12), and (H1-13) can be used with ,_\i replaced by _’\; It may

happen that the entire ith surface element is in the shadow of Pl. The condition for

this situation is that the distance between C and l_)]_ must be less than the radius of

P1
surface Pi's circular edge T ivCy




——

(Cpy = D)+ (Cpy - D) <1 (H-19)

P1

If the inequality, Equation (H-19), is valid, the computations associated with the ith

surface element can be bypassed since it contributes nothing to the total force and |

torque. Also, it may happen that the entire ith surface element is not shaded by Pl.

This is the case when the sun vector has positive projection along the normal to Pl’ i.e.,

cos \}C > (S - yPl) >0 (H-20)
If the inequality, Equation (H-20), is valid, the point i\; is set to be identical to i\l

Shading of Surface Pl by Thruster Cone--Since the circle defining the open end of the

thruster cone is parallel to the surface P,, the projection of this circle on P1 is

1!
always a circle of identical size as shown by the parallelograms of Figure H-6. The

geometries of the shadow on surface P, for four different sun line configurations are

b . 1
considered for the following discussions. The shadow of thruster cone on P1 will be

characterized as a flat surface of area As* with normal EI&; and geometrical center CS.
Equations (11-1) and (H-2) are then used to compute the contribution of solar force
Eq and torque T as if /\g were not shaded. Tlence, the effective solar force and torque

contributed by the shaded surface P] is

()
LP] I—Pl ]—s |
T = E (0) - T
—Rd s =P —S ,
where ‘
. (0) b : ) S ) |
-]—']’1 and Ipp Aare force and torque computed for a completely unshaded

surface Pl.

Let the center of the cirele where thruster cone joins P, be C-n’ and let the center of

1
the circular shadow of the end of thruster cone on Pl be E‘b' Position ofgb can be

solved from the vector cquation

(G = C)) * Np; =0

S'b = ((—':1 f hﬁ]’l) E —zs

where £ = length of |(_'Ih - (S,'l +hN_.
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lap = |htano |
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(N-S)=CO0S o

by Thruster Cone

Shading of Plane P1

Figure H-6.

=N To evaluate Eq and T the

E .
1 The normal of the shadow on P, is of course N I 5
1 =s =PI
quantities _(_‘,q and Ag arc defined for four cases:
L zub =% " Ya
c -C
S =y
2 [
/\5 =1 rb

)

o = RADIUS OF
SURFACE P,

CIRCULAR EDGE
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A, == r'l[25— sin 28]

(C -C.) 2/3r singB
=a =b a

<

= +
g1 9:1 2 B-cosBsinB
ab
A 1 © 5 2
= — (2 si + 2. . sin B Siv
973 r;l sin B Ib sin B) znb sin B

e = @S LT 08 = I ! 3 .
(@ [_(_,:1 I_(ru cos B)] - L h (_rb+ ra)/()rb + ?ra)

Do
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=@ T, v F0S i & 2r 3 R
S’;z I [(rn cos B) £y, Sin B ( rt ra)/( %xb + %ra)]

b

L2 2
= 20 A |
2 3
C,=C. +L (>r, sin"p/(B- cos Bsin 8)
-3 <=b =3Db

Total area of shadow:

Centroid position of AS:
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L AS[AJ =g * Sglp Tg NI
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